Abstract: This study extends the earlier contribution of Julien and Wargadalam in 1995. A larger database for the downstream hydraulic geometry of alluvial channels is examined through a nonlinear regression analysis. The database consists of a total of 1,485 measurements, 1,125 of which describe field data used for model calibration. The remaining 360 field and laboratory measurements are used for validation. The data used for validation include sand-bed, gravel-bed, and cobble-bed streams with meandering to braided planform geometry. The five parameters describing downstream hydraulic geometry are: channel width W, average flow depth h, mean flow velocity V, Shields parameter * , and channel slope S. The three independent variables are discharge Q, median bed particle diameter d s, and either channel slope S or Shields parameter * for dominant discharge conditions. The regression equations were tested for channel width ranging from 0.2 to 1,100 m, flow depth from 0.01 to 16 m, flow velocity from 0.02 to 7 m / s, channel slope from 0.0001 to 0.08, and Shields parameter from 0.001 to 35. The exponents of the proposed equations are comparable to those of Julien and Wargadalam ͑1995͒, but based on R 2 values of the validation analysis, the proposed regression equations perform slightly better.
Introduction
Alluvial rivers continuously change their hydraulic geometry to seek a balance between incoming and outgoing water and sediment discharges. The downstream hydraulic geometry of alluvial channels under bankfull conditions is defined in terms of channel width, average flow depth, mean flow velocity, and channel slope.
Considerable success has been achieved in river engineering after a century of field investigations on the hydraulic geometry of alluvial channels under equilibrium conditions. This analysis expands upon the contribution of Wargadalam ͑1993͒ and Julien and Wargadalam ͑1995͒. More recent literature on this topic is briefly reviewed. Tu and Graf ͑1992͒, Anthony ͑1992͒, Karim ͑1995͒, Lee ͑1995͒, Cheema et al. ͑1997͒, and Yen and Lee ͑1995͒ studied the velocity distribution, bed-load transport, bed configuration, and bed form changes in alluvial gravel-bed rivers. Cao and Knight ͑1998͒, Merigliano ͑1997͒, Julien and Anthony ͑2001͒, Kassem and Chaudhry ͑2002͒, and Olsen ͑2003͒ analyzed bed-load motion, numerical modeling of bed evolution and selfforming modeling in meandering streams. With reference to bankfull flow conditions, Fig. 1 shows a typical cross-sectional geometry of a river. The downstream hydraulic geometry of a channel can be described as a function of Qϭdominant discharge ͑m 3 /s͒, Wϭchannel width ͑m͒, hϭaverage flow depth ͑m͒, Vϭmean flow velocity ͑m/s͒ taken normal to the cross-sectional area, and Sϭchannel slope. Several downstream hydraulic geometry relationships are available in the literature, and usually, channel width, depth, velocity, and slope are described in terms of dominant discharge, bankfull discharge, or mean annual discharge either in International System of Units ͑SI͒ or English units. Most of these relationships consist independent variable, i.e., discharge, and fewer relationships include the median grain size of bed material as a second independent variable either as d 50 , d 65 , d 84 , and d 90 . Very few relationships consider the rate of sediment transport or the Shields parameter as a third independent parameter ͑e.g., Julien 2002͒.
The main objective is to define practical downstream hydraulic geometry relationships from the nonlinear regression analysis of a large data set as a function of channel width, average flow depth, mean flow velocity, channel slope, bed material size, and Shields parameter at bankfull condition. for flow rate, resistance to flow, bed material mobility, and secondary flow in bends. These equations were combined and solved for channel width W, average flow depth h, mean flow velocity V, channel slope S, and Shields parameter * . They are written as a power function of three independent variables to define discharge Q, median size of bed particles d s , channel friction slope S, or Shields parameter * = hS / ͓͑G −1͒gd 50 ͔ where Gϭspecific gravity of sediment and gϭgravitational acceleration. Hager ͑1996͒ later showed that a single dimensionless parameter can be defined, however this is the case only once the independent variables are preselected ͑Julien and Wargadalam 1996͒. Huang and Warner ͑1995͒ also obtained relationships as a function of Manning n. Table 1 shows the range of data used for this analysis. The total data set of 1,485 measurements covers a wide range of flow conditions for sand-bed, gravel-bed, and cobble-bed streams with meandering to braided planform geometry. This study determined new regression equations for comparison with the Julien and Wargadalam ͑1995͒ ͑J-W͒ equations. The calibration is done with a large database including 1,125 data points from Emmett ͑1972͒, Williams ͑1978͒, Griffiths ͑1981͒, Church and Rood ͑1983͒, Hey and Thorne ͑1986͒, Higginson and Johnston ͑1988͒, Lee ͑1999͒, and Kodoatie ͑2000͒. From this data set 1,125 field measurements at dominant flow conditions are used for calibration and verification. The validation uses 360 measurements with 309 field and 51 laboratory in order to ensure applications in hydraulic engineering.
Downstream Hydraulic Geometry Equations

Calibration of Regression Equations
A nonlinear analysis has been performed on the 1,125 field measurements of width, depth, velocity, slope, and Shields parameter as a power function of discharge Q, bed particle size d s , and channel slope S or Shields parameter *. The regression analysis has been conducted with the program SAS ͑Release 8.02͒ PROC NLIN. The nonlinear regression equations that were obtained are shown in Table 2 , especially Eqs. ͑1a͒-͑5a͒. For comparison, the J-W equations corresponding to the Manning-Strickler resistance equation with m =1/6 are given in Table 2 Eqs. ͑1aЈ͒-͑5aЈ͒. The J-W equations were obtained from 382 field data measurements. In general, the regression Eqs. ͑1a͒-͑5a͒ listed in Table 2 are quite comparable to J-W Eqs. ͑1aЈ͒-͑5aЈ͒. Fig. 4 are slightly higher for Eq. ͑3a͒ than Eq. ͑3aЈ͒. The slope values in Fig. 5 are well predicted in both cases. In Fig. 6 , the values of the Shields parameter from Eq. ͑5a͒ are better than those of Eq. ͑5aЈ͒ at high values of *.
Validation
The validation data set consists of 360 data points, 309 field data, and 51 laboratory data shown in Table 1 The values of the determination coefficients R 2 for the proposed regression equations in Table 2 Table 2 , Eqs. ͑1a͒-͑5a͒, were obtained from a regression analysis of a large data set on downstream hydraulic geometry of alluvial rivers. The equations for channel width, average flow depth, mean flow velocity, Shields parameter, and channel slope contain three independent variables in terms of a power function of discharge, median particle diameter, and either the channel slope or the Shields parameter.
The dataset used in deriving these equations consists of a total of 1,485 data points including 1,125 field measurements at bankfull condition for calibration, and 360 field and laboratory data for validation. The data set covers a wide range of conditions from 
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Notation
The following symbols are used in this technical note: d 50 ϭ median grain size of bed material in m; G ϭ specific gravity of sediment; g ϭ gravitational acceleration; h ϭ mean flow depth in m; Q ϭ dominant discharge in m 3 /s; R 2 ϭ coefficient of determination; S ϭ channel slope; V ϭ average flow velocity in m/s; W ϭ channel width in m; and * ϭ hS/ ͑G −1͒gd 50 ϭShields parameter.
Subscripts m ϭ measured values; and p ϭ predicted values.
